Abstract SiO 2 /TiO 2 nanofibers were fabricated using TEMPO-oxidized cellulose nanofibers (TOCN) as templates. SiO 2 and/or TiO 2 deposition onto the surface of TOCN was achieved by the hydrolysis and condensation reactions of two types of silicon alkoxide and a titanium alkoxide. After the combustion of TOCN templates, SiO 2 / TiO 2 nanofibers with the high specific surface area of 158 m 2 /g that were the composite nanofibers of TiO 2 and SiO 2 were obtained. The SiO 2 /TiO 2 nanofibers have a diameter of around 8 nm and consist of a core/shell structure derived from the sequential deposition of SiO 2 and TiO 2 . The structures of SiO 2 core and TiO 2 shell consist of amorphous and anatase nanocrystals, respectively. We confirmed that the synthesized SiO 2 /TiO 2 nanofibers exhibit higher photocatalytic activity for degrading the cationic pollutant of methylene blue (MB) than conventional porous TiO 2 particles with a similar specific surface area. The mechanisms for the enhanced MB degradation of the SiO 2 /TiO 2 nanofibers are discussed. 
Introduction
Nanofibers, which are representative in 1D material, have the excellent properties of high mechanical strength, high specific surface area, hydrodynamic characteristics, electrical and thermal conductivities, and optical transparency [1] [2] [3] [4] , enabling their use as a photocatalyst with high activity [5, 6] . Although nanofibers can be produced in several ways, such as electrospinning, self-organization, and template synthesis, it was difficult to produce an inorganic nanofiber with the diameter of several nanometers [7] [8] [9] [10] . Huang et al. [11] recently reported the synthesis of nanotubular SnO 2 templated by cellulose fibers, following several reports on synthesizing organicinorganic hybrid nanofibers and inorganic oxide nanofibers using cellulose nanofibers as templates [12] [13] [14] [15] [16] [17] [18] . In these methods, to cover the cellulose surface with an inorganic oxide, sol-gel process was conducted. After burning cellulose covered with an inorganic oxide, inorganic oxide nanofibers or nanotubes were obtained. The advantages of this procedure are that the structure of the obtained fibrous inorganic material is retained as the fine structure of nanofibers corresponding to the original cellulose.
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)-oxidized cellulose nanofibers (TOCN) with low fibrillation energy have recently attracted much attention, due to their high gas barrier properties, optical transparency, and biodegradability [19] . TOCN are easily obtained from the oxidation of naturally derived cellulose by the catalyst of TEMPO. In the catalytic oxidation reaction using TEMPO, one primary hydroxyl group at the C6 position on the surface of cellulose microfibrils is selectively converted into the sodium salt of the carboxyl group. As the results, it is possible to form nanofibers and disperse them in water by the fibrillation treatment with low energy. TOCN have the thinnest diameters among various cellulose nanofibers prepared by the different preparation processes [20, 21] . Although TOCN are promising materials for electrical, optical, and catalytic applications [22] [23] [24] [25] , few reports on the synthesis of an inorganic fibrous structure using TOCN templates have been published [26] . TOCN are favorable template for synthesizing highly dissociated inorganic nanofibers which enables wide applications by dispersing them in solvent and matrices (e.g., polymer, ceramics, and pulp) on contrast to inorganic nanofibers synthesized from entangled cellulose templates [11-15, 17, 18] . Since the metal and non-metal alkoxides typically react with hydroxide groups, carboxyl groups attached to the TOCN surface make it difficult to cause the surface condensation reaction. Here, we present the synthesis of SiO 2 /TiO 2 composite nanofibers using TOCN as templates. We have also demonstrated the synthesis of SiO 2 nanofibers by introducing the silanol groups on the surface of TOCN for subsequent SiO 2 deposition. We used two types of silicon alkoxides of 3-aminopropyltrimethoxysilane (APTMS) and tetramethoxysilane (TMOS). By sequential treatments with APTMS and TMOS, SiO 2 deposition on the TOCN surface was successfully performed. We have also synthesized SiO 2 / TiO 2 composite nanofibers by the hydrolysis and condensation reaction using titanium tetraisopropoxide (TTIP). The photocatalytic activity of SiO 2 /TiO 2 composite nanofibers was estimated by the degradation of methylene blue (MB) in water under the irradiation of metal halide lamp. TOCN were prepared by the previously reported TEMPOmediated oxidation method [27] , which is the chemical treatment of fibrous cellulose refined from wood cellulose.
4.00 g cellulose (KY-100G, Daicel FineChem) was suspended in 400 mL distilled water under magnetic stirring for 30 min, and then 400 mg of NaBr (Kishida Chemicals) and 64.0 mg of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO, Sigma-Aldrich) were added in the suspension. The oxidation of TOCN was initiated by adding 12.4 mL of NaClO solution (Wako Pure Chemicals). The pH value was maintained at 10 by using a 0.5 M NaOH (Kishida Chemicals) solution under stirring for 2.5 h at room temperature. The obtained TOCN were washed with distilled water repeatedly using a vacuum filtration and stored at 4°C as an aqueous dispersion for further experiments.
Synthesis of SiO 2 nanofibers
To deposit SiO 2 on the TOCN surface, the prepared TOCN were reacted by silicon alkoxides. After the combustion of the TOCN, SiO 2 nanofibers were obtained. In the experiments, two types of silicon alkoxide, 3-aminopropyltrimethoxysilane (APTMS, Sigma-Aldrich) and tetramethoxysilane (TMOS, Sigma-Aldrich), were used. At room temperature, 0.98 mL of APTMS was added to 100 mL of 1.0 wt% TOCN aqueous suspension and stirred for 45 min. After that, the TOCN treated with APTMS were repeatedly washed with distilled water repeatedly using centrifugation at 4000 rpm. Subsequently, 0.10 mL of TMOS was added to 1.0 wt% TOCN aqueous suspension and stirred for 45 min at room temperature. The TOCN treated with APTMS and TMOS (in the following, TOCN/SiO 2 ) were repeatedly washed with distilled water repeatedly using centrifugation at 4000 rpm and stored as an aqueous suspension at 4°C. After the solvent of the TOCN/SiO 2 was substituted with 2-propanol (Kishida Chemicals), the TOCN/SiO 2 were dried with a super critical dryer (SCRD 4, Rexxam) using CO 2 . To obtain SiO 2 nanofibers through the combustion of TOCN templates, the dried TOCN/SiO 2 were calcined at 500°C for 4 h in air.
Synthesis of SiO 2 /TiO 2 nanofibers
To deposit TiO 2 on the TOCN/SiO 2 surface, the conventional hydrolysis and condensation reactions of titanium tetraisopropoxide (TTIP) were performed [28] . After the solvent of the TOCN/SiO 2 suspension was substituted with ethanol (Kishida Chemicals), the suspension was diluted to be 75 mL of 0.10 wt% dispersion. After that, 1. 
Reference sample of porous TiO 2 particles
For comparison in the latter photocatalytic degradation test, a reference sample of porous TiO 2 particles with similar specific surface area was prepared by solvothermal synthesis [29] . A mixture of 1.0 mL TTIP and 30 mL acetone (Kishida Chemicals) was stirred for 30 min and poured into a Teflon-lined autoclave. After heating the mixture to 170°C for 12 h under autogenous pressure, the obtained precipitate was repeatedly washed with acetone using centrifugation and dried at 70°C for 12 h in air. The dried precipitate was calcined at 400°C for 4 h in air to remove organic residue.
Characterization
FT-IR spectra were measured by an FT-IR spectrometer equipped with an ATR accessory (Spectrum Two, Perkin Elmer). Microscopic structures were observed by a fieldemission scanning electron microscope (FE-SEM; JSM-6700F, JEOL) and a transmission electron microscope (TEM; JEM-2200FS, JEOL) attached with an electron energy loss spectroscope (EELS). X-ray diffraction (XRD) patterns were measured by an X-ray diffractometer (RINT-2500HFK, Rigaku) using CuKa radiation. Specific surface area was characterized by using an N 2 adsorption-desorption apparatus (TriStar 3000, Shimadzu). Before the measurements of specific surface area, the sample was degassed at 150°C for 24 h under vacuum. Thermogravimetry measurements were taken in air using a thermogravimetric thermal analyzer (TG8120, Rigaku). UVVis absorbance spectra were obtained by the KubelkaMunk transformation from diffuse reflectance spectra on a spectrophotometer (V-570, JASCO) with an integrating sphere. Zeta potential measurements were taken with a zeta potential analyzer (ELSZ-2Plus, Otsuka Electronics).
Estimation of photocatalytic activity
The photocatalytic activity of the synthesized SiO 2 /TiO 2 nanofibers and the reference sample of the porous TiO 2 particles were estimated by the degradation of methylene blue (MB, Wako Pure Chemicals). By sonication, 1.0 mg of the SiO 2 /TiO 2 nanofibers or the porous TiO 2 particles was dispersed in 4.0 mL of 15 mg/L MB aqueous solution and then stirred in the dark for 1 h which was sufficient time for adsorption equilibrium. After the suspension was transferred to a quartz glass cell, in order to avoid the intrinsic absorption of MB, light with a wavelength ranging from 300 to 500 nm through the short path filter (B390, HOYA) was irradiated by using a metal halide lamp. The light intensity and the irradiation time were 200 W/cm 2 and 6 h, respectively. After irradiation for a certain time, 1 mL of the suspension was sampled and centrifuged. The absorbance spectrum of the supernatant was measured by a spectrometer (USB2000, Ocean optics), and the concentration of MB was then determined by the absorbance at 664 nm. After the measurement, for successive UV irradiation, the supernatant and precipitation were mixed again by sonication, and then the suspension was brought back to the quartz glass cell. The formation of OH radicals in the suspension was detected by the photoluminescence method using terephthalic acid as probe molecule [30] . For 1 h, 1.0 mg of the SiO 2 /TiO 2 nanofibers or the porous TiO 2 particles was dispersed in 4.0 mL of the mixture of 0.1 M terephthalic acid and 0.01 M NaOH aqueous solution and then stirred in the dark. After that, light irradiation was carried out by using a metal halide lamp with the same irradiation conditions in the photocatalytic degradation of MB. After irradiation for a certain time, 1 mL of the suspension was sampled and centrifuged. The photoluminescence intensity of the reaction product, 2-hydroxyterephthalic acid, was measured at 426 nm by a fluorescence spectrometer (Fluoromax-3, Horiba Jobin-Yvon) with 312-nm excitation.
3 Results and discussion After the calcination of the TOCN treated only with APTMS, the coarsened fibers were obtained (Fig. 2a, b) , while in the case of the TOCN/SiO 2 treated with two types of silicon alkoxide (APTMS and TMOS), the original fine structures were retained after the calcination (Fig. 2c) . Figure 3a shows FT-IR spectra of the initial TOCN and the TOCN treated with silicon alkoxide. In the initial TOCN spectrum, a broad carboxylate peak typically ranging from 1610 to 1560 cm -1 was observed. In particular, the peak position at 1605 cm -1 is assigned to the -COONa [31] . After the treatment with APTMS, this peak was shifted to 1596 cm -1 , indicating the substitution of Na with the amino group of APTMS, which is supported by the result that no EDS signal of Na was detected (Fig. S1) . No further peak shift was observed, even with the application of higher concentrations of APTMS and longer reaction times. The IR peak of amide bonds is typically observed around 1660 cm -1 [32] . Although the formation of amide bonds between the carboxyl groups of chemically oxidized carbon nanotubes and the amino groups of aminopropylsilanes in an aprotic polar solvent has been reported [33] , in this study, the amide bond was not formed because the formation of amide bond does not take place in water between unactivated carboxylic acid and amine without catalyst [34] . After treatment with TMOS subsequent to APTMS, more SiO 2 deposition occurred, as indicated by the increasing peak of Si-O-Si rocking mode at 457 cm -1 . This provided enough robustness to avoid coarsening and to keep the original fine structures through the calcination. In the case of the TOCN treated only with TMOS, SiO 2 nanofiber could not be obtained (Fig. S2) . These results clearly indicate that the treatment with APTMS was essential. Figure 2d shows a typical SEM image of the SiO 2 /TiO 2 nanofibers after calcining the TOCN/SiO 2 /TiO 2 . They retained the original structures of the TOCN. Figure 3b shows FT-IR spectra of the SiO 2 and SiO 2 /TiO 2 nanofibers obtained after the calcination at various temperatures. Typical peaks of amorphous SiO 2 were observed in the sample of the SiO 2 nanofibers obtained after calcination at 500°C [35] . The peaks at 1250 and 1080 cm -1 are attributed to Si-O-Si asymmetric stretching modes. In addition, the peaks at 800 and 457 cm -1 are assigned to Si-O stretching mode and Si-O-Si rocking mode, respectively. In contrast, in the case of the SiO 2 /TiO 2 nanofibers, two distinct absorption peaks between 500 and 950 cm -1 can be observed. The peak at around 950 cm -1 and the broad peak between 500 and 800 cm -1 are assigned to Si-O-Ti stretching mode and Ti-O stretching modes, respectively [36, 37] . The presence of the Si-O-Ti peak indicates that the condensation reaction of TTIP proceeded on SiO 2 . The absorption peaks of Si-O-Si and Si-O-Ti stretching modes were blue-shifted with increasing calcination temperature. These results indicate that the fraction of Ti that forms the Si-O-Ti linkage was decreased [38] , leading to the growth of TiO 2 grain [39] . It is known that Si-O-Ti bonds become unstable above 500°C [40] . Inset of Fig. 3b is SEM images of the SiO 2 /TiO 2 nanofibers calcined at 500 and 800°C. The coarsening of structure in the sample calcined at 800°C also suggests the grain growth of TiO 2 . The SiO 2 /TiO 2 nanofibers calcined at the temperature up to 500°C showed C-H stretching peaks around 950 cm -1 (Fig. S3) , which indicated that organic compounds still remained in the bodies. Figure 4 shows the thermogravimetric curve of the TOCN/SiO 2 /TiO 2 sample. Excluding moisture and solvent weight, the fraction of inorganic component was 23 wt%. In contrast, in the case of the TOCN/SiO 2 sample before TiO 2 deposition, the fraction of inorganic component was 6.0 wt%. Therefore, the amount of TiO 2 deposition was about 4 times larger than that of SiO 2 in the SiO 2 /TiO 2 nanofibers. Figure 5 shows the XRD patterns of the SiO 2 and SiO 2 / TiO 2 nanofibers obtained after calcination at various temperatures. Although no apparent crystalline peaks were observed in the SiO 2 nanofibers obtained after the calcination of TOCN/SiO 2 at 500°C, crystalline peaks assigned to anatase TiO 2 were observed in the SiO 2 /TiO 2 nanofibers obtained after the calcination of the TOCN/SiO 2 /TiO 2 . It is well known that the transition from the anatase to the rutile phase in TiO 2 typically occurs at less than 700°C [41] . The requirement of a higher temperature (about 1000°C) for this phase transition during the calcination of the TOCN/ SiO 2 /TiO 2 could be associated with the obstruction by SiO 2 in the SiO 2 /TiO 2 nanofibers [42] . Indeed, in the case of the SiO 2 /TiO 2 nanofibers at 1000°C, the XRD peaks of rutile and cristobalite were also observed. The crystalline size of the anatase phase, the band gap energy, and the specific surface area for the SiO 2 /TiO 2 nanofibers calcined at each temperature are summarized in Table 1 . The band gap energy that is indirect in the case of anatase was estimated from absorbance spectra (Fig. S4) [43] . Because of the grain growth of TiO 2 on the nanofibers shown in the inset of Fig. 3b , it should be noted that the specific surface area does not directly reflect to the diameter of nanofibers. The results of the reference sample of porous TiO 2 particles are also listed. The values of the reference sample are similar to those of the SiO 2 /TiO 2 nanofibers. When the calcination temperature was increased, the crystalline size increased from 3.9 to 8.0 nm, but the specific surface area decreased from 158 to 103 m 2 /g. The changes in these values indicate the growth of the TiO 2 grain corresponding to the blue shift of the absorption peaks in Fig. 3b . The XRD patterns of the SiO 2 /TiO 2 nanofibers calcined at the even lower temperatures presented lower crystallinities (Fig. S6) .
The TEM images of the SiO 2 and SiO 2 /TiO 2 nanofibers obtained through the calcination at 500°C are shown in Fig. 6a and b , respectively. The diameter of the amorphous SiO 2 nanofibers is around 4 nm. According to former reports [11, [14] [15] [16] [17] [18] , the structures of the obtained SiO 2 nanofibers were predicted to be tubular, but no apparent tubular structures can be observed (Fig. 6a) . Due to the extremely thin diameter of TOCN [20] , such tubular nanostructures derived from the combustion of the TOCN could be immediately sintered. In the case of the SiO 2 /TiO 2 nanofibers, the diameter is around 8 nm, which is thicker than that of the SiO 2 nanofibers. Furthermore, the structures of the SiO 2 /TiO 2 nanofibers seem to be nanocrystals linked with a chain shape (Fig. 6b) . Figure 6c shows a high-magnification TEM image of a nanocrystal in a SiO 2 / TiO 2 nanofiber, with the Fourier-transformed image of Fig. 6c shown in d. These results indicate that the nanocrystal has a periodicity of 0.35 nm, corresponding to the lattice spacing of anatase (101). These results are in good agreement with the results of XRD. We also have observed an element distribution map by EELS of Ti L 2,3 and Si L 2,3 peaks (Fig. 6e) . The observation area corresponds to Fig. 6b , and the distribution of Ti and Si is shown by blue and red colors, respectively. This map reveals that the SiO 2 /TiO 2 nanofibers have core/shell structures. We also found that the structures of the core and shell are amorphous SiO 2 and TiO 2 nanocrystals, respectively. These results suggest that such heterostructures could be formed by the sequential deposition of TiO 2 and SiO 2 (Fig. 1) ; evidently, complex mixtures of TiO 2 and SiO 2 were not formed. Due to the shell structure of nanocrystalline anatase, the SiO 2 /TiO 2 nanofibers are expected to have high photocatalytic activity [44] . Figure 7 shows the UV-Vis absorbance spectra of the nanofiber and reference sample of porous TiO 2 particles. About the reference sample, its structure and material properties are shown in Table 1 and Fig. S5 . Comparison of the absorption edge between the SiO 2 /TiO 2 nanofibers and the reference porous TiO 2 particles indicates that the absorption edge of the SiO 2 /TiO 2 nanofibers has a shorter wavelength. Furthermore, apparent differences in the slope of the curves ranging from 320 to 360 nm were observed. It is known that the composite material of TiO 2 and SiO 2 shows relatively smaller absorbance than the simple body of TiO 2 [45] . With increasing calcination temperature, the absorption edge of the SiO 2 /TiO 2 nanofibers was slightly red-shifted. Since the crystalline size of the anatase phase in the SiO 2 /TiO 2 nanofibers is small, this result could be interpreted in terms of the quantum size effect [43] . The anatase phase with a smaller crystalline size formed through lower calcination temperature indicates a wider band gap leading to a shorter optical absorption edge (Table 1) .
A photocatalytic degradation examination of MB was carried out under the irradiation by a metal halide lamp (Fig. 8) . Curves of the attenuation of MB concentration versus light irradiation time are plotted. The MB concentration was normalized by the concentration after figure online) adsorption equilibrium. The adsorbed amount of MB after equilibrium is listed in Table 1 . The values of the apparent first-order degradation rate constant (k app ) were calculated by the attenuation curves of MB concentration and are also listed in Table 1 . Compared to the original degradation rate constant of MB without catalyst, those of every sample were higher. Furthermore, the degradation rate constants for the SiO 2 /TiO 2 nanofibers were higher than that for the reference porous TiO 2 particles, in spite of lower absorbance of the SiO 2 /TiO 2 nanofibers (Fig. 7) . The higher photocatalytic activities for the SiO 2 /TiO 2 nanofibers calcined at each temperature could be caused by the high adsorbability of MB (Table 1) . Indeed, MB molecules were adsorbed on the SiO 2 sites that are spatially close to TiO 2 nanocrystals [26, 42, 46] . In our experiments, the pH value of the MB aqueous solution became 5.2 in the applied concentration. Around this pH value, the zeta potential of the SiO 2 /TiO 2 nanofibers calcined at various temperatures was largely negative and similar to amorphous SiO 2 nanoparticles (Sigma-Aldrich); however, that of the reference sample of porous TiO 2 particles was positive (Fig. 9 ) owing to the lower pH value than the isoelectric point of anatase phase TiO 2 nanoparticles [47] . This result reveals the difference in the adsorption abilities between the SiO 2 / TiO 2 nanofibers and the porous TiO 2 particles, implying a contradiction with the zeta potential of SiO 2 covered with TiO 2 [48] . Indeed, in the case of the SiO 2 /TiO 2 nanofiber calcined at 500°C, the core of SiO 2 was irregularly covered with TiO 2 nanocrystals (Fig. 6) . Accordingly, SiO 2 was partially exposed to the surface of the SiO 2 /TiO 2 nanofibers and played an important role in the photocatalytic degradation. It is supposed that the same goes for the SiO 2 /TiO 2 nanofibers calcined at 650 and 800°C. It is known that MB is degraded by active oxygen species such as OH radicals produced on the surface of photoexcited TiO 2 [49, 50] . The production of OH radicals by the SiO 2 / TiO 2 nanofibers was lower than that by the porous TiO 2 particles (Fig. 10 ) because of the less surface of TiO 2 due to the exposure of SiO 2 and less optical absorbance. In spite of lower production of OH radicals in the SiO 2 /TiO 2 nanofibers, active oxygen species could easily attack on MB adsorbed on SiO 2 because of the closeness to SiO 2 from TiO 2 , which led to the efficient degradation [26, 42, 46, 51] . As a result, the SiO 2 /TiO 2 nanofibers showed high photocatalytic activity for cationic pollutants such as MB. The recycling test was conducted, and the SiO 2 /TiO 2 nanofibers calcined at 500°C showed the good recyclability (Fig. S7) . It should be noted that the lower specific surface area caused by the higher calcination temperature of the SiO 2 /TiO 2 nanofibers can realize the lower photocatalytic activity. Furthermore, the dramatic decrease of k app in the SiO 2 /TiO 2 nanofibers calcined at the temperature from 650 to 800°C can also reflect the huge grain growth of TiO 2 . That grain growth brought the large distance between activated oxygen species on TiO 2 and adsorbed MB on SiO 2 , which reduced the efficiency of the degradation. It was revealed that the Langmuir-Hinshelwood model provided a good description of the decomposition of MB in the SiO 2 /TiO 2 nanofibers calcined at 500°C (Fig. S8 ) [52, 53] . The SiO 2 /TiO 2 nanofibers calcined at the temperatures below 500°C showed the lower photocatalytic activities (Fig. S9 ) due to their lower crystallinities [54] .
Conclusion
We demonstrated that SiO 2 /TiO 2 nanofibers can be successfully synthesized by using TEMPO-oxidized cellulose nanofibers as templates. After the combustion of the TOCN through calcination in air, the SiO 2 and SiO 2 /TiO 2 nanofibers with respective diameters of around 4 nm and 8 nm were obtained. The structures of the SiO 2 /TiO 2 nanofibers calcined at 500°C were core/shell structures composed of amorphous SiO 2 and anatase phase TiO 2 nanocrystals. In particular, the core of SiO 2 was irregularly covered with TiO 2 nanocrystals. With increasing the calcination temperature, TiO 2 crystalline size increased, while the specific surface area decreased. Such SiO 2 /TiO 2 nanofibers have higher photocatalytic activity than the reference porous TiO 2 particles in spite of similar specific surface area. We demonstrated the enhancement of the photocatalytic degradation of cationic pollutant by using our SiO 2 /TiO 2 nanofibers. Such nanofiber synthesis can also be diverted to the formation of various inorganic nanofibers. The synthesized inorganic nanofibers can be applied not only to catalyst but also to a wide range of items such as gas sensors, adsorbents, and electrodes.
